The difficulty of achieving a good thermodynamic description of phase equilibria is finding a model that can be extended to a large variety of chemical families and conditions. This problem gets worse in the case of systems containing more than two phases or involving complex compounds such as ionic liquids. However, there are interesting applications that involve multiphasic systems, and the promising features of ionic liquids suggest that they will play an important role in many future processes. In this work, for the first time, the simultaneous correlation of liquid-liquid and liquidliquid-liquid equilibrium data for ternary systems involving ionic liquids has been carried out. To that end, the phase diagram for the system water + [P 6 6 6 14 ][DCA] + hexane has been determined at 298.15 K and 323.15 K and atmospheric pressure. The importance of this system lies in the possibility of using the surface active ionic liquid to improve surfactant enhanced oil recovery methods. With those and previous measurements, thirteen sets of equilibrium data of ternary systems water + ionic liquid + oil have been correlated. The isoactivity equilibrium condition, using the NRTL model, and some pivotal strategies are proposed to correlate these complex systems.
Introduction
Systems exhibiting multiple liquid phases are found in many separation and reaction units. Most of the processes where three liquid phases appear involve microemulsions.
In optimal conditions, the addition of a surfactant (or a surfactant ionic liquid) to an oil/water mixture can produce a three-liquid-phase system (water, oil and a middle microemulsion) classified as Winsor type III. This balanced state of interactions is associated with an ultralow interfacial tension that is the basis of surfactant or microemulsion enhanced oil recovery methods [1, 2] . Such triphasic organized systems also exhibit important advantages in catalytic reactions, as the compartmentalization of reactants and products reduces the incidence of side reactions. Thus, balanced catalytic surfactants have been successfully used in several reactions, like oxidations [3, 4] .
The integration of the traditional biphasic system (an aqueous and an organic phase) with a biphasic aqueous system (aqueous solutions of two polymers, a polymer and a salt, or a salt and an ionic liquid) also gives way to three-liquid-phase systems. This process allows the recovery or separation of several compounds simultaneously, being proved as useful for metal recovery, extraction of natural products and waste water treatment [5, 6] . There is also the possibility of using these systems as reaction medium, for instance in enzymatic reactions [7] . Another example of multiphase systems is liquid-liquid-liquid phase transfer catalysis. The reaction basically occurs in a middle, catalyst-rich phase, with aqueous and organic reactants transferring from either side to that phase. Ionic liquids are frequently used as phase transfer catalysts. The advantages are the reduction of secondary reactions, the straightforward separation of the products, and the easy recovery of the catalyst for its re-use. Among the tested reactions are alkylations, isomerizations, halogenations, etc. [8] . Moreover, multiphase catalyst systems are also possible when ionic liquids partially miscible with water and oil are used as medium to dissolve the catalyst, being reactants and products distributed between aqueous and oily phases [9] .
Phase equilibria involved in these systems are complex. The number of the phases formed and the distribution of the compounds among them depend on the type of components involved, temperature, pressure, and also the presence and concentration of salts drastically affect the phase behavior. For that reason, in spite of the interest of these systems and the need of the knowledge of the equilibria to design/optimize the corresponding separation processes, the number of studies is very limited. Experimental data on liquid-liquid-liquid equilibria (LLLE) are scarce and many of them do not present a reliable model of correlation or prediction, a key engineering tool in process design. Furthermore, these studies are even scarcer when ionic liquids are present in the multiphasic systems.
Regarding systems involving surfactants, Buraeur et al. [10] determined Gibbs phase triangles of the system water-dodecane-C 4 E 1 . The authors suggest, analyzing the behavior of different alkyl polyglycol ethers (C i E j ), that the monomeric solubility of the surfactant in oil and water might be the key to describe the main features of those microemulsion systems. Several works can be found in literature where compositions of tie-line ends and tie-triangles are determined for ternary systems water-oil-C i E j [11] [12] [13] [14] [15] [16] .
Chen et al. [11] [12] [13] [14] used the UNIQUAC model to correlate only the three-liquid-phase coexisting data. Data of the two-liquid-phase-coexisting regions were not used in the correlation. With the interaction parameters obtained, these biphasic data were predicted with good results in some cases [11, 12] and very poor results in other cases [13, 14] .
Contrarily, Negahban et al. [15] and Brandani et al. [16] were able to successfully simultaneously correlate biphasic and triphasic data with the NRTL and UNIQUAC models by using specific algorithms. Chen et al. [17] [18] [19] also presented data for multiphasic systems water-oil-propylene glycol propyl ether and correlations only of the tie-triangles. Stateva et al. [20] developed a method to correlate compositions of tietriangles at different temperatures.
Another approach commonly used, with excess Gibbs energy models, is the estimation (prediction) of the triphasic equilibria with parameters obtained from the correlation of the binary systems (LLE or VLE). This modeling has been considered by de Loos et al. [21] for the ternary system water-oil-C 7 E 5 ; by Schmelzer et al. [22] [23] [24] [25] for ternary systems water-oil-phenols [22, 23] and systems containing aniline or cyclohexylamine [24, 25] ; and by Revellame et al. [26] who investigated the possibility of using solvent extraction to recover lipids from microbial sources for renewable fuel applications. Most of the predictions of three-phase equilibria with interaction parameters obtained from binary systems do not adequately represent all the regions of the phase diagrams. [33] [34] [35] [36] [37] [38] are correlated using the NRTL model. The correlations are carried out by simultaneously fitting the binary and ternary LLE data together with the LLLE tie-triangle of the systems. This requires the use of the isoactivity equilibrium condition, implemented in a fairly simple algorithm, together with some pivotal strategies that are briefly described below. 
Materials and methods

Materials
Methods
In order to determine phase diagrams for the ternary system water + [P 6 6 6 14 The concentrations of water and n-hexane in the equilibrium phases were analyzed using a Hewlett-Packard HP 6890 Series gas chromatograph, equipped with a thermal conductivity detector and a HP-FFAP capillary column (25 m x 0.2 mm x 0.33 mm).
Helium was used as the mobile phase and the injection volume was 1 mL with a split ratio of 50: 1. Temperatures of the detector and injector were set to 503.15 K. The oven temperature program was started at 323.15 K (1.9 minutes), followed by a temperature ramp at 12 K·min -1 up to 373.15 K, a temperature that was kept constant for 0.5 min.
An empty column was placed between the injector and the column to protect the analytical column and collect the amount of IL that could not be retained by the liner.
Methyl acetate was used as the standard and isopropanol was used as the solvent for sample preparation. For chromatograph calibration, all the weighing was carried out on a Mettler Toledo AE 240 analytic balance with a precision of 10 -4 g. The analysis was carried out for each sample at least four times. If a significant difference (bigger than the corresponding uncertainty) was found, the analysis was repeated. Once water and nhexane mass fractions were known, the IL composition was obtained by summation to unity.
Correlation
The correlation of the systems was carried out using the NRTL model . The optimization of the model parameters was carried out using the GRG (Generalized Reduced Gradient) Nonlinear method with the objective function defined as: 
where x i,j is the mole fraction of component i in the tie-line j; a i,j is the activity of component i in the tie-line j; p, k are indices to define the tie-triangle ; L is a liquid phase; NTL is the number of experimental tie-lines; exp and cal are the experimental and calculated equilibrium data; ε is an extremely low tolerance value guaranteeing the fulfilment of the isoactivity in the phases in equilibrium.
Some additional useful strategies were applied to extend the application of the typical isoactivity algorithm for LLE correlation data from the simplest Type I and II to the complex Type III ternary systems that include one tie-triangle.
1. In the first step the correlation of the three binary subsystems was carried out
independently to obtain a set of the binary parameters of the model. At this point the parameter α ij was assigned the default value of 0.2. Subsequently, the parameters were allowed to change in a specific interval to simultaneously correlate the previous binary LLE data along with the LLLE tie-triangle. When for the best correlation solution found at this point any of the parameter values reached one of the established limits, this limit was extended and the correlation continued until another minimum of the objective function was reached. Finally, the equilibrium data for all the ternary LLE regions were included in the correlation and a similar procedure to limit the changes in the parameters "step by step" was used. In this last step, α ij was considered as an additional correlation parameter to give flexibility to the model. This guided procedure improves the convergence of the correlation algorithm and ensures that the best solution for the model is found. It must be taken into account that the NRTL model has six binary parameters for a ternary system. Consequently, when the three LLE binary subsystems are fitted, the values of all these parameters are already set. Only minimal changes in these interactions parameters, in addition to the variation in the non-randomness parameter, can be admitted to achieve a good representation of the ternary regions without disarranging the binary data.
2. The convergence and robustness of the algorithm was improved not by directly using the mole fractions, but by using additional parameters (which can take any positive or negative value) to optimize the correlation. The relation between the optimization parameters used and the mole fractions are: The solutions obtained using this procedure were checked to guarantee the fulfillment of the Gibbs minor common tangent plane equilibrium condition for ternary systems.
Consequently, these results could be considered equivalent to the ones obtained using the previous algorithm [32] based on topological aspects.
Results and discussion
Phase diagrams
The phase diagrams for ternary systems water + [P 6 6 6 14 ] [DCA] + hexane at 298.15 K and 323.15 K and atmospheric pressure are shown in Figure 1 . Experimental LLE and LLLE data are presented in Tables S1 and S2 in the Supplementary Material. The objective in carrying out these determinations was to compare the influence of the alkyl chain length of the hydrocarbon on the phase behavior, because we had previously published these phase diagrams with dodecane at 298.15 K and 348.15 K [37] . However, the low boiling point of the hexane limited the maximum experimental temperature of the work to 323.15 K. All these systems are, according to Treybal classification, type III systems because the three binary subsystems are partially miscible. Due to the surface active character of the ionic liquid, the systems could also be classified as Winsor type III with a triphasic region and two biphasic regions around it (the biphasic region at the bottom of the diagram is negligible), as well as a monophasic domain. As in the case of dodecane [37] , the three-phase system is composed of two phases that are practically water and hydrocarbon, and a middle phase with a high content of ionic liquid that preferentially solubilizes hydrocarbon. Figure 1 is very similar to diagrams obtained for classical surfactants. However, the three phases appear as a consequence of the immiscibility of the three binaries and the high molecular weight of the ionic liquid implies that, in terms of mass fraction (see Tables   S1 and S2 With the temperature, the miscibility of the binary pairs slightly increases, consequently the immiscible region slightly decreases and the apex of the tie-triangle reduces its content of ionic liquid. Water + [P 6 6 6 14 ] [DCA] + hydrocarbon phase diagrams at 298.15 K can be compared for hexane (this work) and dodecane [37] . Solubility of the ionic liquid in both hydrocarbons is negligible. However, there is a bigger solubility of hexane than dodecane in [P 6 6 6 14 ] [DCA]. Analyzing the three-phase region formed, both aqueous and organic phases are practically water and hydrocarbon, respectively.
The apex of the tie-triangle has a higher content of the ionic liquid and minor content of the hydrocarbon in the case of dodecane.
In any case, systems with water, hydrocarbon (hexane or dodecane) and [P 6 6 6 14 ] [DCA]
form a triphasic region stable with temperature, a feature that makes these systems of great interest from the point of view of multiphasic systems applications.
Correlation
The NRTL interaction parameters obtained for the correlation of the system water + [P 6 6 6 14 ] [DCA] + n-hexane at 298.15 K and 323.15 K are presented in Table 1. This table  also Table 1 indicate, the NRTL model can be successfully used to perform a simultaneous correlation of experimental LLE and LLLE data for this ternary system.
To check the consistency of the interaction parameters obtained it is very important to avoid possible metastable solutions to the equilibrium condition. We consider that the analysis of the topology of the G M /RT function is a very valuable tool for that purpose.
Consequently, the validation of the parameters presented in Table 1 was performed by combining the use of the G M /RT surface by means of 3D-representations (which have been rotated and visualized in the entire composition space) and the representation of intersection planes in the directions of all the conjugated compositions calculated by the model. This is required to ensure the fulfilment of the Gibbs minor common tangent equilibrium criterion, which is the unique necessary and sufficient phase equilibrium condition. Figure 2 shows a specific view of the G M /RT surface versus the composition (mole fraction) obtained as a result of the NRTL correlation for the ternary system water + [P 6 6 6 14 ] [DCA] + n-hexane at 298.15K. In this figure, the experimental and calculated tie-lines and tie-triangle are also drawn on the surface, to show its consistency with the behavior of the system according to the Gibbs minor common tangent criteria. Figure 3 shows the G M /RT curves for the three binary subsystems, and also some curves of intersection of several planes with the G M /RT surface, those corresponding to the calculated LLLE tie-triangle and two calculated LLE tie-lines chosen as examples. All the calculated tie-lines have been validated using a similar procedure. The minor common tangent equilibrium condition is satisfied in all of the cases, with no presence of metastable solutions which could satisfy the necessary but not sufficient isoactivity equilibrium condition. A similar procedure was carried out to validate the model parameters obtained for this ternary system at 323.15K.
With the aim of confirming the quality of the NRTL model to simultaneously correlate LLE and LLLE data for systems with ionic liquids, we have extended the correlation to other previously determined three-liquid-phase systems involving ionic liquids [33] [34] [35] [36] [37] [38] .
The selected systems are water + ionic liquid + n-dodecane, and measurements were carried out at 298.15K and 348.15K. All of them are Type III ternary systems, including one LLLE tie-triangle, but there are important differences among them. The names of the systems and the corresponding references are presented in Table 2 . Table 3 fitted with almost any model. As expected, the model gives a good correlation for binary subsystem 1-2 but it extends smoothly to the tie-triangle. A more precise representation of these two systems, especially the 6b system, would require some modification of the classical activity coefficient models with the aim of increasing its flexibility, e.g adding some ternary terms.
Conclusions
The phase diagram for water, hexane and [P 6 6 6 14 ] [DCA] ionic liquid shows a liquidliquid-liquid region consisting of an upper phase that is practically hexane, a lower phase that is practically water and a middle phase where the ionic liquid solubilizes water and hexane. This triphasic system remains stable with temperature. Therefore, this ionic liquid can be used in applications that require a three-phase system with a structured middle phase. Moreover, the same behavior is obtained by increasing the alkyl chain length of the hydrocarbon (dodecane) which enlarges the range of possible applications. However, it has to be indicated that the content of the ionic liquid in this middle phase is high, which limits some specific applications such as its use in enhanced oil recovery.
The simultaneous correlation of liquid-liquid and liquid-liquid-liquid equilibrium data for three-phase systems containing ionic liquids is possible using the NRTL model.
Thirteen sets of data were successfully correlated using the isoactivity equilibrium condition with some strategies used to improve the convergence of the optimization algorithm to the solution. Besides, the correlation results obtained have been checked for consistency to avoid false or metastable solutions to the isoactivity criterion. The geometric aspects related to the Gibbs energy of mixing function obtained, along with the minor common tangent plane equilibrium condition, have proved to be very valuable tools for such validation. Deviations obtained between experimental and correlated data are low, except in the case of two data sets, one of them with an "Sshaped" binodal curve. View Article Online
